The in-vitro activities of ten families of antimicrobial agents alone and in combination with a synthetic polycationic polymer, polyethylenimine (PEI), were investigated against a resistant clinical isolate of Pseudomonas aeruginosa by minimal inhibitory concentration (MIC) assays, checkerboard testing and killing-curve studies. At a concentration of 250 nM, PEI (10 kDa) was not directly bactericidal nor bacteriostatic, but when used in combination with novobiocin, ceftazidime, ampicillin, ticarcillin, carbenicillin, piperacillin, cefotaxime, chloramphenicol, rifampin or norfloxacin it significantly reduced the MICs of these antibiotics by 1.5-to 56-fold.
Introduction
Over the past two decades, Pseudomonas aeruginosa has attracted attention as an opportunistic pathogen in hospitalized, immunocompromised and cystic fibrosis patients [1] [2] [3] . Despite aggressive antibiotic therapy, P. aeruginosa is rarely eradicated owing to its high intrinsic resistance to many drugs [4] [5] [6] . This resistance is due to the effective permeability of the Gramnegative bacteria outer membrane (OM) to both hydrophobic antibiotics and high-molecularweight hydrophilic drugs (for reviews, see references) [7] [8] [9] [10] . Unlike most cell types, Gramnegative bacteria surround themselves with a double membrane. The outermost of these two membranes is asymmetric, with the inner leaflet composed of glycerophospholipids and the outer leaflet predominantly composed of lipopolysaccharide (LPS). Tight interactions between the highly negatively charged LPS molecules are believed to form an effective barrier against hydrophobic compounds. For these polyanionic molecules to form a stable "tiled roof" on the surface of the OM, adjacent LPS molecules are linked electrostatically by divalent cations (Ca 2+ , Mg 2+ ) present in the OM.
Polyethylenimine (PEI) is a weakly basic, aliphatic, non-toxic synthetic polymer, which is polycationic owing to the presence of primary, secondary and tertiary amino groups. It is well known that certain polycationic agents such as polymyxin and its derivatives polylisines and protamine can increase the permeability of the Gram-negative bacterial OM to solutes that are normally unable to penetrate [10] . Helander et al. found that, when applied alone, PEI has a strong permeabilizing effect on Gram-negative bacteria but no bactericidal effect [11] . Escherichia coli, P. aeruginosa and Salmonella typhimurium were effectively sensitized to hydrophobic antibiotics (erythromycin, novobiocin, rifampicin, clindamycin and fucidin) by PEI in an agar
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on November 12, 2017 by guest http://aac.asm.org/ Downloaded from diffusion assay [11] . In the present study, we have investigated whether this permeabilizer compound could be used in combination with a large spectrum of antibiotics against a resistant clinical strain of P. aeruginosa. To assess the synergistic effects of PEI on various antibiotics, three currently used methods were used. First, we evaluated the minimal inhibitory concentration (MIC) of each antibiotic with or without PEI. The synergism was also assessed by measuring the fractional inhibitory concentration indices (FIC) of each combination by checkerboard testing [12] . Finally, synergism was measured by the killing-curve test. Our results indicate that polyethylenimine enhances the bactericidal efficacy of both hydrophilic and hydrophobic antibiotics with some exceptions. Polyethylenimine reduces the uptake of polycationic antibiotics of the polymyxin group and the uptake of aminoglycosides, probably owing to competition for the cation-binding sites of bacterial LPS. All evidence indicates that the enhanced bactericidal activity of antibiotics with PEI is owing to its strong binding to LPS, which leads to disorganization of the bacterial OM and facilitates antibiotic penetration.
Material and Methods

Reagents
PEI (mean molecular weight, 10 kDa) was purchased from Polysciences Inc. (Warrington, PA).
A stock solution of PEI, pH adjusted to 7.4, was freshly prepared and filter sterilized through a 0.22-µm membrane. Novobiocin, tobramycin, kanamycin, gentamicin, tetracycline, cefotaxime, chloramphenicol, erythromycin, polymyxin B, polymyxin E, rifampicin, vancomycin, ofloxacin and norfloxacin were obtained from Sigma (Oakville, Ontario, Canada). Ciprofloxacin was from Bayer (Kankakee, IL) and ceftazidime was from Glaxo Canada Inc. (Montréal, Quebec, Canada). glycerol. The growth medium in all liquid cultures was tryptic soy broth (TSB) (Difco Laboratories, Detroit, Michigan).
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MIC determinations
The minimal inhibitory concentrations were determined by broth microdilution assay in accordance with the procedures recommended by the National Committee for Clinical Laboratory Standards [13] . Briefly, a bacterial inoculum of 50 µl, corresponding to 5 x 10 5 colony- 
Checkerboard Testing
Checkerboard tests were performed in triplicate for all combinations, as described previously (13) . TSB with an inoculum of approximately 5 x 10 5 CFU/ml was used for all checkerboard assays. Synergy was measured by the fractional inhibitory concentration (FIC), which is the MIC ratio between a drug in combination and the drug alone. For two interacting compounds A and B, is defined as a ∑FIC of ≥4.0 [14] .
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Killing curves
In-vitro killing curves were performed as previously described [15] [16] with modifications. Briefly, TSB were inoculated with a 17-hour pre-culture of P. aeruginosa 100609, giving a stock preparation containing a final inoculum of 5 x 10 7 cfu/ml, as determined by the OD at 660 nm.
This value allowed control growth to reach a density of 10 8 to 10 10 CFU/ml. PEI was added to
give a final concentration of 250 nM. Studies were performed in the presence of sub-MIC concentrations (25% of MIC) of each antibiotic and in the presence of controls comprising PEI alone, antibiotics alone or only bacteria. After 0, 1.5, 3, 6 and 9 hours, samples were diluted serially and plated on to LB agar plates to obtain viable colony counts. Experiments were performed in triplicate. Synergy according to time-concentration-kill curves was defined as a reduction of ≥2.0 in mean log 10 CFU/ml in bacterial counts at any time during the 9-hour experiment when time-concentration-kill curves generated with the combination of antibiotic and PEI were compared with those generated with antibiotic alone. Indifference or antagonism in time-concentration-kill curves were defined as 0-2 or ≤ 0 reductions, respectively, in mean log 10 CFU/ml in bacterial counts at any time point during the 9-hour experiments [16] .
Results
Minimal inhibitory concentration and checkerboard synergy
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antibiotics both without PEI and in the presence of 250 nM PEI. This PEI concentration is subinhibitory; indeed, the minimal inhibitory concentration for PEI against P. aeruginosa 100609 is 1 µM. PEI at a final concentration of 250 nM reduced the MICs of novobiocin, ceftazidime, cefotaxime, chloramphenicol, rifampicin and norfloxacin by 1.5-to 40-fold. All these antibiotics had a checkerboard synergy effect (FIC ≤0.5) with the exception of norfloxacin. By contrast, with aminoglycosides, polymyxins and vancomycin, 250 nM PEI increased the MIC. Of these only, tobramycin and vancomycin had an FIC ≥4.0 (antagonism), the others had an indifference checkerboard effect. With tetracycline, erythromycin, ciprofloxacin and ofloxacin, PEI had no effect on the MIC. The synergy effect of PEI in combination with antibiotics was not strain specific, as shown in Table 2 , an addional strain P. aeruginosa 25619 was tested for the synergy effect with novobiocin and ceflazidime. Although the degree of synergistical values for different strains were different,the positive effect was confirmed for both of strains.
In-vitro determination of the antibacterial action at intervals in time
Eight antibiotics from different classes were chosen for time-kill curves. Of these, four had a reduction in MIC when administered in combination with PEI ( Fig. 2 ) and the others had either an increase or no change in MIC (Fig. 3) . In all killing curves, PEI alone (250 nM) had no effect on bacterial growth when compared with control growth. Fig. 2a shows the effect of PEI on the bactericidal activity of novobiocin (25% of MIC). When used in combination, after 9 hours bacterial growth was reduced by more than 10 8 times, whereas controls and novobiocin alone had no significant effect. A combination of PEI with ceftazidime (25% of MIC) (Fig. 2b) , chloramphenicol (25% of MIC) (Fig. 2c) or rifampicin (25% of MIC) (Fig. 2d) increased the By contrast, PEI reduced the bactericidal efficacy of polymyxin B and vancomycin. Bacterial growth was increased by 2 log 10 after 9 hours when PEI was combined with these antibiotics (Fig. 3a, 3b) . Finally, when PEI was combined with tobramycin and ciprofloxacin, there was no visible difference between the combination, the antibiotic alone and the controls (Fig. 3c, 3d ).
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Discussion
Several agents have been used in attempts to alter the OM permeability of Gram-negative bacteria [9] ; these include EDTA and lysozyme [17, 18] , sodium hexametasulphonate [19] , detergents like sodium dodecyl sulphate (SDS) [20] and deoxycholate, as well as permeabilizing portions of antibiotics such as polymyxin B [21, 22] and other compounds containing positively charged amino groups such as spermidine and lysine [23] , and methylglyoxal bis-guanylhydrazone [24] .
In the present study, we measured the effect of polyethylenimine on the bactericidal activity of 16 antibiotics of 10 different classes. PEI reduced the MIC of hydrophilic and hydrophobic compounds (with some exceptions) by 1.5-to 40 fold (Table 2) and increased their bactericidal effect in killing curve experiments (Fig. 2) . We have previously demonstrated that PEI also reduced the MIC of four β-lactams by 5-to 50-fold.
An intact OM of Gram-negative bacteria generally prevents the diffusion of hydrophobic solutes, because its outer leaflet contains no glycerophospholipids but only highly ordered, quasicrystalline LPS [10, 15, 16] . PEI has recently been reported to make Gram-negative bacteria permeable to hydrophobic antibiotics [11] . This polycationic polyamine has all the characteristics of a permeabilizer described by Vaara M. (1992) [10] . Helander I.M. et al (1997) [11] demonstrated
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on November 12, 2017 by guest http://aac.asm.org/ Downloaded from that PEI (50 kDa) increased the bacterial uptake of 1-N-phenylnaphtylamine, a hydrophobic probe, sensitized the bacteria to hydrophobic antibiotics in agar diffusion assay and increased the susceptibility to lysozyme and the nonionic detergent Triton X-100. However, in contrast to other permeabilizers such as protamine and polylysines, PEI does not induce LPS release from the OM. Similar results were also reported for polymixin B nonapetide (PMBN) [25] .
Our results show that, depending on the chemical structures of the antibiotics tested, PEI can be a synergistic, an antagonist or have no effect when used in combinations. Synergistic effects were observed with both hydrophobic and hydrophilic antibiotics. Table 1 shows that a PEI concentration as low as 250 nM reduced the MICs of hydrophobic antibiotics such as chloramphenicol, novobiocin and rifampicin by 2-to 12-fold. This synergistic effect was also confirmed by checkerboard testing and killing curve studies (Fig. 2) . All three hydrophobic antibiotics had an FIC index <0.5, indicating a synergy between PEI and the antibiotic. The molecular mechanism by which PEI increases the permeability of the OM has not been determined, but it is not due to any marked LPS release [26] . The enhanced antibacterial activity is probably due to a redistribution of phospholipids from the inner to the outer layer of the OM owing to PEI. This would increase the bacterial membrane permeability and cause partitioning, and therefore allow entry of hydrophobic antibacterial agents. in the mechanisms may be similar to those of other agents known as permeabilizers.
Two exceptions were observed among the hydrophobic drugs tested. The bactericidal efficacy of norfloxacin was only slightly increased by PEI, and the magnitude of the increase was not sufficient to decrease the FIC index to less than 0.5. This is due to a gyrase mutation, which
on November 12, 2017 by guest http://aac.asm.org/ Downloaded from results in fluoroquinolone resistance. Therefore, an increase in the uptake of norfloxacin will not affect bacterial growth significantly. The second exception was erythromycin: PEI had no effect on its bactericidal efficacy. This hydrophobic antibiotic is often used in experiments investigating the permeabilizing effect of E. coli but not P. aeruginosa membranes. This is because erythromycin has no effect on P. aeruginosa proliferation in vitro and only inhibits the production of virulence factors [27] . These results are in agreement with those obtained by
Helander et al. [11] . Further studies with different bacterial strains will help show that PEI could have the same effect on erythromycin as PMBN, which increases the sensitivity of E. coli cells by 8-30-fold [10] .
Among the hydrophilic drugs tested, we observed reductions of 5-to 56-fold in MICs when ceftazidime, cefotaxime, ampicillin, carbenicillin, piperacillin and ticarcillin were tested in combination with PEI (Table 1) . Hydrophilic compounds usually cross the OM via porine channels [17] . In contrast to PMBN, PEI has an effect on the MICs of antibiotics, which are believed to traverse the OM through porin pores [10] .
On the other hand, PEI reduced the bactericidal activity of polymyxins and aminoglycosides, and the intensity of decrease 1.2-to 4.8-fold (Table 1 ). These antibiotics act by binding to the structure of the OM of the bacteria, the site which is probably located in the deep core region and includes part of lipid A of lipopolysaccharides [25] . The interaction between PEI and these positively charged hydrophilic antibiotics seems to be a competition for the same binding site, because PEI has the highest positive charge density in comparison to other reported positive
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A possible criticism of the procedure used here is that the permeabilizer might sequester ions from the medium, which could result in either, or both, the production of weakened or nutritionally defective cells. However, this would not explain the effect of PEI on polymyxins and aminoglycosides, nor would it explain the increased uptake of NPN observed by Helander et al. [11] .
P. aeruginosa infections are difficult to overcome owing to the high intrinsic resistance of P.
aeruginosa to antibiotics. The primary cause of such resistance is attributed to reduced OM permeability [28] [29] [30] . It has been estimated that the rate of permeation of β-lactam antibiotics across the P. aeruginosa OM is about 12-fold less than that across E. coli OMs [31] . One possible therapeutic strategy against P. aeruginosa, therefore, might be to attempt to minimize the reduction in OM permeability by co-treatement with permeabilizers such as PEI, thus allowing increased uptake of antibiotics across the OM. Further work is required to investigate the ability of PEI to increase the susceptibility of other strains such as Burkholderia cepacia and E. coli to antibacterial agents. 
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